By using the isotope pairs 22Na-24Na and 42K-86Rb, the uptake and retention of Na and K was studied in the salt-tolerant Debaryomyces hansenii and in the less tolerant Saccharomyces cerevisiae at NaCl levels of 4 mm and 0.68, 1.35, and 2.7 M in the medium. The ratio of K to Na is much higher in the cells than in the media, and higher in D. hansenii than in S. cerevisiae under comparable conditions. The difference between the two species is due to a better Na extrusion and a better uptake of K in D. hansenii. The kinetics of ion transport show that at about the time when extrusion of Na could be demonstrated in D. hansenii, K-Rb previously lost to an easily washable compartment of the cells was reabsorbed in both organisms. More H+ was given off from S. cerevisiae than from D. hansenii in the course of these events. The findings fit the working hypothesis tested, which regards salt tolerance as partly dependent on the ability to mobilize energy to extrude Na from the cells and to take up K. The volume changes in S. cerevisiae are greater and are more slowly overcome than those in D. hansenii. The total salt level of the cells is not sufficient to counteract the osmotic potential of the medium, so that additional osmoregulatory mechanisms must be involved in determining halotoler'ance.
High salt concentrations are tolerated by a wide diversity of microorganisms (8, 14) , although bacteria are by far the ones most intensively studied (10) . In a recent study of a moderately halophilic, halotolerant bacterium, several possible mechanisms for salt tolerance were suggested (15) , one of which was regulation of the intracellular salt content. Increased intracellular K+ concentration, also found in extreme halophilic bacteria (2) , might improve resistance to plasmolysis and dehydration.
Among several marine-occurring yeasts studied, Debaryomyces hansenii was the one least affected by high NaCl concentrations. In measurements of growth (11, 17) , respiration, and fermentation (13), a certain activity was obtained even in media with 24% NaCl (w/v). Preliminary studies of cells just entering the stationary phase seem to indicate that the ability to grow and to respire exogenous substrates is lost when the internal K to Na ratio drops below a limiting value. This drop in the K to Na ratio occurs as a consequence of a decrease in K and an increase in Na contents within the cells, when the external level of Na is raised (13) .
A theoretically interesting possibility would be to interpret the above findings as effects on Na-Ktransport mechanisms requiring energy, so that the salt tolerance in yeasts would be due, at least partly, to the ability to mobilize energy to extrude Na from the cells and to take up or conserve K in spite of adverse external salt conditions. Basic mechanisms, which could fit this idea, have been found in algae-significantly enough, mainly in marine forms (6) , but lately also in fresh-water species (1, 9)-and in yeast (18) . Furthermore, extrusion of Na is one of the main postulates used to explain electrochemical data from plants (5) .
In animal cells and tissues, sodium extrusion has been linked to the activity of Na-K-activated adenosine triphosphatases (20) , a type of energyrequiring enzyme, which has recently been isolated from plant tissue (7) . To obtain data which would enable us to evaluate the above postulate as a working hypothesis, we compared uptake and retention of scdium and potassium in Saccharomyces cerevisiae and in the halotolerant D. hansenii under various conditions of salt stress. To measure uptake and retention at the same time, we adapted an isotope technique, by using pairs of one long-lived and one shortlived isotope.
K TO NA RATIO AND OSMOTIC POTENTIAL
The ability to maintain a proper osmotic potential in the cells is a prerequisite for salt tolerance. Our measurements of the salt composition and contents of the cells as compared with observations on the cell volumes lead to the discovery that the salts are not sufficient to account for the osmotic potentials in our yeasts. The ability to produce organic solvents for the cell sap seems to be another aspect of the halotolerance of the yeasts, in addition to the ratio of Na to K.
MATERIALS AND METHODS At different time intervals, the cells were centrifuged twice, suspended in 2 ml of the corresponding inactive solution, filtered on preweighed glass fiber filters in a Tracerlab E-8B precipitation apparatus, and rinsed with about 2 ml of distilled water. The preparations were dried at 60 C, weighed for dry weight determinations, glued to aluminum planchets, and introduced into the counter (Nuclear-Chicago Corp., Des Plaines, Ill.; automatic, low-back-ground flow counter). A preset of 10,000 counts or 10 min, whichever came first, was used.
After 2 to 3 weeks, when only the long-lived member of the isotope pair remained, all the preparations were counted a second time. By comparison with the simultaneous decay of standard samples of the longlived isotope (D'Na or 86Rb), the counts due to this isotope during the first run could be calculated. The counts due to the short-lived isotope (24Na or 42K) were then calculated by subtracting the corrected number of pulses due to 12Na or 86Rb from the total number of counts at the first determination. The reciprocated the use of the isotope pair 42K_86Rb and thus applied 42K-labeled solutions to cells containing 86Rb as well as 86Rb-labeled solutions to cells containing 42K.
The two yeasts studied differed in apparent K+ retention, expressed as micromoles per gram (dry weight). After 15 min of exposure to the various NaCl media, D. hansenii cells originally containing 650 Amoles of K+ (labeled with 42K) retained about 600 ,umoles, i.e., 90%. This loss was of the same order as an assumed "cell wall space" outside the cell membrane, which amounts to 12% of the cell volume of yeast (19) . Appreciable loss during the subsequent 45 min occurred only in the 2.7 M series, where a 60-min value of 475 ,umoles resulted. Later the retained amount successively decreased in such a way that, at 240 min, the K+ values were higher the higher the concentrations of NaCl used (Fig. 1) .
In S. cerevisiae, the inoculum had K+ levels more than twice as high as in the corresponding D. hansenii. Losses during the first 15 min brought this initial K+ level down to values below those found in D. hansenii (Fig. 2) . The subsequent period of low K+ loss was protracted until 240 min and, again, was less marked in 2.7 M NaCl than in the lower salt concentrations. At 240 min, the K+ values were the lower the higher the NaCl concentration used.
In the reciprocal experiment, i.e., when the inoculum was labeled with 86Rb, the initial loss was relatively slow. Within the period of 15 to 240 min, amounts of retained ion higher than at 15 min resulted in peaks on the retention curves ( Fig. 3 and 4) . Although less pronounced, such peaks also appeared in the 42K experiments ( Fig.   1 and 2 ). These peaks mean that K-Rb, which at an early time has been lost to an easily washable compartment without leaving the cell completely, is being reabsorbed to the interior of the cell or caught on less washable sites. That the phenomenon is more pronounced with Rb than with K is in accordance with the qualitative rather than quantitative nature of Rb as marker for K. This is illustrated also by the different amounts of K that are computed to be within the cells in the reciprocal experiments. As a matter of course the 42K will be the marker which correctly reflects the potassium quantities involved.
K+ uptake. K+ uptake also differed in the two yeasts. In series up to 1.35 M NaCl, S. cerevisiae had a more rapid initial uptake of 42K than D. hansenii ( Fig. 3 and 4) , but the final levels at 20 hr were higher in D. hansenii than in S. cerevisiae. Within both species, the initial uptake of 42K was depressed by increases of NaCl, but in D. hansenii the final level was not much affected except at the 2.7 M salt level. Again, the 86Rb series exhibited more or less the same general trend, although the quantitative relationships were different ( Fig. 1  and 2 Na+ uptake. In all series and all experiments with D. hansenii (Fig. 6) , the Na+ uptake [micromoles per gram (dry weight)] measured by 24Na exhibited the following features: (i) a rapid uptake during the first 25 to 30 min resulting in higher contents the higher the external NaCl concentration; (ii) loss of Na+ during the 60-to 120-min period, being proportionately lower the higher the external NaCl concentration; (iii) a subsequent uptake resulting at 20 hr in Na+ contents not usually exceeding that caused by the first uptake. It is of interest to note that the loss of Na+ during the second period was, in most cases, so great that the absolute amount of Na+ in the total cell mass decreased, meaning that the loss is real and not due to a lag in the uptake of Na+ while growth goes on.
In S. cerevisiae the above mentioned pattern was not observed (Fig. 7) . On the whole, the uptake increased steadily, resulting in final Na+ contents being higher the higher the external NaCl concentration used and exceeding the corresponding average final values for D. hansenii. Only in the series at 2.7 M NaCl did an apparent decrease in the Na+ content occasionally take place after the first uptake. However, this decrease seems to be due to autolysis, since the dry weight decreased from 33 to about 16% of the fresh weight in this experiment.
Changes in cell volume and number of cells. During the first 30 min of exposure to all the NaCl concentrations except 4 mm, the cell volumes for (Fig.  8) . Because no increase in cell number was found at 60 min and hardly any at 120 min (Fig. 8) increased, although only slightly in 2.7 M NaCl. After 240 min from zero time, the total changes amounted to increases of 67, 57, and 10% and a decrease of 24% going from the lowest to the highest NaCl concentration (Fig. 9) . Until 240 min, only small changes in cell number occurred. Changes of pH. Running the experiments for such long periods as 20 hr will, of course, result in an acidification of the medium. It was noted ( Table 1 ) that the onset of the acidification was stronger and more rapid with S. cerevisiae than with D. hansenli even though, for technical reasons, the inoculates of Saccharomyces were always kept smaller than those of Debaryomyces. The possible significance of this finding will be discussed below. DISCUSSION As pointed out in the introduction, a number of different cell functions may contribute to halotolerance. Our discussion will center around two main aspects, the regulation of salt composition and osmoregulation. Some aspects on how these two functions may be correlated with energy metabolism as investigated earlier (13) will also be discussed.
As shown in Table 2 , a feature common to both organisms is their ability to regulate their internal salt composition by increasing the ratio of K to Na relative to the ratio found in the medium. This ability is evidently more highly developed in D. hansenhi than in S. cerevisiae, since the ratios found are consistently higher in D. hansenii than in S. cerevisiae.
Analyzing the possible causes behind the high K to Na ratios in the cells, our data seem to give fairly direct evidence for extrusion of sodium as far as D. hansenii is concerned. An organism able to show a period of negative uptake (Fig. 6 , time period 30 min to 120 or 240 min) under the conditions used must reasonably have a more or less direct way of linking energy to extrusion of sodium from the cells.
The curves for uptake of Na for S. cerevisiae did not normally show a period of negative uptake of the same kind as in D. hansenii (Fig. 7) . We leave the question of Na+ extrusion from S. cerevisiae open at this point, but exchanges of K+ for Na+ and of K+ for H+ as alternative possibilities will be discussed later.
On a comparative basis, it seems safe to. state that D. hansenii has a stronger extrusion mechanism for sodium than S. cerevisiae. This statement is supported also by the data on efflux (Fig. 5) , which show that the Na originally present is lost more quickly from D. hansenii than from S. cerevisiae and that high external concentrations of sodium are less inhibitory for the loss from D. hansenii than for the loss from S. cerevisiae.
Due to the quantitative differences between on November 1, 2017 by guest http://jb.asm.org/ Downloaded from 8Rb and 42K as markers, it is more difficult to say whether the higher K to Na ratios in D. hansenii as compared with S. cerevisiae are caused not only by a better extrusion of Na but also by a better net uptake of K. The possibility seems likely, however, judging from the uptake series at 20 hr. At this time, the total internal levels are dominated by the ions taken up. A comparison between Fig. 1 and 2 and between Fig. 3 and 4 shows for both the 86Rb-and 42K-labeled series that higher NaCl concentrations were required to inhibit the total uptake of K in D. hansenii than in S. cerevisiae. An evaluation of this point at shorter experimental times was not possible, since it was found that appreciable amounts of K-Rb were reabsorbed from an easily washable compartment back into the interior of the cells (Fig. 1-4 , retention series). The differences between 42K and 8fRb as markers then make quantitative comparisons of the total influxes impossible.
The finding is interesting from another point of view, however. A break of this type in the efflux curve must mean a sudden increase in the total influx of K. In this situation, the ions just leaving the interior of the cell will for spatial reasons be close to the uptake sites. The ions coming from the medium will have to diffuse through the whole of the easily washable compartment-probably the microcapillaries of the cell wall-before reaching the same sites.
On the whole, the increase thus indicated for the total influx of K-Rb coincides in time with the period of loss, i.e. negative uptake of Na in D. hansenii. This coincidence alone ia not sufficient evidence for a Na-K exchange pump, but it is easily interpretable in such terms.
We are then led to the question of why the effect on K-Rb should be discernible in both D. hansenii and S. cerevisiae, whereas a period of real loss of Na is more consistently found in D. hansenii. The answer could lie in the excretion of H+, which was considerably higher in S. cerevisiae than in D. hansenil (Table 1 ). It is known that the uptake of K in yeasts can occur either as an exchange of K+-Na+ or as an exchange of K+-H+ (18) . A stronger dominance of the K+-Na+ type of exchange in D. hansenii than in S. cerevisiae would be compatible both with our data and with the better halotolerance of D. hansenii.
Our data on the salt composition within the cells are thus easily interpreted within the concept of Na-K transport as presented in the introduction. Our original question, whether the concept can be applied as a working hypothesis, must be answered in the affirmative. The biological importance of mechanisms designed to balance the K to Na ratio may be connected with the effects of these ions on the hydration status of the cellular components.
In addition to throwing light on our primary question, our data also reveal that the capacity for osmoregulation seems to be different in the two species. In Table 3 , we have collected some pertinent information, the salt content of the cells being obtained as the mean of the determinations of the final Na and K levels (using 42K determinations only) in all the series available. The dry weights are of the order of 33% of the fresh weights. Assuming that the cellular Na and K occur as the chlorides, and furthermore, that these chlorides are all dissolved and evenly distributed in the water phase, the osmotic capacity of these salts is half or less than half of what is tabulated with the dry weights as the reference basis. Concentration of these salts in special compartments in the cell could give these compartments a proper osmotic potential as compared with the medium; any such concentration will, however, leave other parts of the cell with a corresponding deficit of osmotic potential, so that probably even at 0.68 M NaCl in the medium and certainly at 1.35 M NaCl and above, the cells must be able to produce osmotic agents to maintain equilibrium.
Regarding the cell volume determinations ( Fig.  8 and 9 ) and bearing in mind the above considerations, we arrive at the conclusion that D. hansenii has an earlier start and a better capacity for the production of these osmotic agents than has S. cerevisiae. This is so, since at any given NaCl level in the medium the relative loss of cell volume is smaller and the regain of cell volume quicker in D. hansenii than in S. cerevisiae. It should be Assumed to be NaCl + KCI and expressed as moles per kilogram (dry weight).
noted that the initial changes in volume are so rapid and great that they must be mainly changes due to loss of cell water and not of dry matter.
The causal relationships between ability to maintain energy metabolism (13) , on the one hand, and regulation of salt composition and osmoregulation, on the other hand, are not clear. Both the regulatory functions must somehow be related to metabolic energy, but it is possible to envisage different mechanisms for their interdependence. One could imagine, for example, that salt composition and concentration might act on the hydration and charge of membranes and enzymes of respiration and fermentation, thus changing energy metabolism and, by this change, influencing the salt concentration, composition, etc. For the moment, it is undoubtedly more advisable not to give specific relationships, but to regard the cell functions involved as different parts of a complex, each component offering possibilities for specific experimental approaches towards a better understanding of halotolerance and its ecological significance.
